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This review emphasizes how lipids regulate membrane fusion and the proteins involved in three
developmental stages: oocyte maturation to the fertilizable egg, fertilization and during ﬁrst cleavage.
Decades of work show that phosphatidic acid (PA) releases intracellular calcium, and recent work shows
that the lipid can activate Src tyrosine kinase or phospholipase C during Xenopus fertilization. Numerous
reports are summarized to show three levels of increase in lipid second messengers inositol 1,4,5-
trisphosphate and sn 1,2-diacylglycerol (DAG) during the three different developmental stages. In
addition, possible roles for PA, ceramide, lysophosphatidylcholine, plasmalogens, phosphatidylinositol
4-phosphate, phosphatidylinositol 5-phosphate, phosphatidylinositol 4,5-bisphosphate, membrane
microdomains (rafts) and phosphatidylinositol 3,4,5-trisphosphate in regulation of membrane fusion
(acrosome reaction, sperm–egg fusion, cortical granule exocytosis), inositol 1,4,5-trisphosphate recep-
tors, and calcium release are discussed. The role of six lipases involved in generating putative lipid
second messengers during fertilization is also discussed: phospholipase D, autotaxin, lipin1, sphingo-
myelinase, phospholipase C, and phospholipase A2. More speciﬁcally, proteins involved in develop-
mental events and their regulation through lipid binding to SH3, SH4, PH, PX, or C2 protein domains is
emphasized. New models are presented for PA activation of Src (through SH3, SH4 and a unique
domain), that this may be why the SH2 domain of PLCγ is not required for Xenopus fertilization, PA
activation of phospholipase C, a role for PA during the calcium wave after fertilization, and that calcium/
calmodulin may be responsible for the loss of Src from rafts after fertilization. Also discussed is that the
large DAG increase during fertilization derives from phospholipase D production of PA and lipin
dephosphorylation to DAG.
& 2015 Elsevier Inc. All rights reserved.
Introduction
As our knowledge of lipid signaling has exponentially increased
over the past 30 years, with many recent breakthroughs, this
review emphasizes roles in regulation of developmental events by
phosphatidic acid (PA), lysophosphatidylcholine, plasmalogens,
PI45P2, ceramide, and lipases such as autotaxin, lipin1, sphingo-
myelinase, and phospholipases C, A2 and D. Their roles in mem-
brane fusion, calcium release, exocytosis, and other oocyte matu-
ration, fertilization and cleavage events in Xenopus development
(Fig. 1) will be emphasized.
The most studied lipid pathway involves phospholipase C (PLC)
which catalyzes the breakdown of phosphatidylinositol 4,5-
bisphosphate (PI45P2) to inositol 1,4,5-trisphosphate (IP3) and sn
1,2-diacylglycerol (DAG), with IP3 releasing intracellular calcium
([Ca2þ]i) while DAG stimulates protein kinase C (PKC). Three
different levels of PLC activation for the three stages of develop-
ment in Xenopus are summarized below. One outcome of these
and other studies is that the large DAG increases during these
three stages does not derive from PI45P2 breakdown. Below, we
also summarize work supporting PA degradation by lipin1 to
produce the large peaks of DAG.
In Xenopus, IP3 binds and opens the type 1 IP3 receptors (a ligand
gated calcium channel located in the cortical endoplasmic reticulum of
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the egg) located on the endoplasmic reticulum (ER) to allow move-
ment of luminal Ca2þ to move into the cytoplasm. Ryanodine or cADP
receptors, which play a role in fertilization in some species, are not
present (Parys et al., 1992). Thus, the Xenopus system offers an
advantage in an examination of the PLC pathway.
Regulation of Xenopus fertilization through multiple lipid
pathways
In Xenopus fertilization, sperm activate phospholipase D1b (PLD1b)
to produce PA which then binds and activates Src tyrosine kinase
(Bates et al., 2014). A new model for Src activation through PA binding
to the SH4, SH3 and a unique domain is presented. Src then
phosphorylates and activates phospholipase Cγ (PLCγ) to increase
IP3 and DAG (Sato et al., 2006). This last step is supported inhibition of
fertilization by tyrosine kinase blockers (Glahn et al., 1999; Sato et al.,
2000), egg activation can be induced by elevated tyrosine kinase
activity and extensive studies often involving a cell free system (Sato
et al., 2006, 2002, 2001, 2003; Tokmakov et al., 2002; Yim et al., 1994).
Almost 30 years ago, W. Moolenaar (Nederlands Kanker Insti-
tuut) ﬁrst reported that PA can activate PLC to elevate [Ca2þ]i and
that PA does not simply act by inducing a Ca2þ inﬂux into the cell
(Moolenaar et al., 1986). PA addition to vascular smooth muscle
elevated [Ca2þ]i and this elevation was blocked by the PLC
inhibitor U73122 or an IP3 receptor blocker (Bhugra et al., 2003).
In rat neonatal cardiomyocytes, PA (but not LPA) increased IP3
mass and [Ca2þ]i, and PA action was blocked by PLC inhibitor
U73122 (inactive U73343 and a PKC inhibitor did not) (Liu et al.,
1999). PA stimulated PLC when added to human cardiomyocytes
however PA was less active in cardiomyocytes from patients with
congestive heart failure (Dhalla et al., 1997; Tappia et al., 2003).
Activation of PLCγ by Src family tyrosine kinases is found in
external fertilization shown by sea urchin, starﬁsh, ascidian,
annelids, and ﬁsh (Kinsey, 2013; McGinnis et al., 2011; Moore
and Kinsey, 1994; Satoh and Garbers, 1985; Stricker et al., 2010).
Src also plays a role in mammalian sperm capacitation involving a
“transactivation:” g protein coupled receptors stimulate adenylate
cyclase to raise cAMP and activate protein kinase A which then
binds and activates Src (Breitbart and Etkovitz, 2011; Etkovitz
et al., 2009). Src phosphorylates tyr845 on the epidermal growth
factor receptor to activate the receptor tyrosine kinase which in
turn phosphorylates and activates phospholipase Cγ.
In contrast to the role for Src, mammals utilize a constitutively
active phospholipase C ζ that diffuses from the sperm to cyto-
plasmic vesicles in the zygote (see latter discussion of lipid
regulation of PLCζ) (Kashir et al., 2014). Tyrosine kinase inhibitor
protocols similar to those noted above did not inhibit mammalian
fertilization (Kurokawa et al., 2004; Mehlmann and Jaffe, 2005).
Nevertheless, Src and its presence in membrane rafts has a
required role in second polar extrusion in mammals (Buschiazzo
et al., 2013).
As two different PLD inhibitors fully inhibited the increase of PA
and Src activation at fertilization, but only partially inhibited the
increase in IP3 mass and [Ca2þ]i release (the latter, by 87%),
sperm activate a different pathway that induces a delayed, weak
[Ca2þ]i release (Bates et al., 2014). In addition, multiple studies
with tyrosine kinase inhibitors or inhibition of PLCγ activation
with SH2 peptides do not eliminate the [Ca2þ]i increase induced
by sperm (Runft et al., 1999). The cause of the small, 13% release of
[Ca2þ]i, that is independent of PA and Src, can induce fertilization
with an 12 min delay, could involve a messenger from sperm
(sperm PA is elevated during the acrosome reaction), spermine
(activates Xenopus PLC) (Jacob et al., 1993), ceramide, Ca2þ , PI4P,
or a G protein (Bates et al., 2014; Kline et al., 1991; Morrison et al.,
2000; Sato et al., 2003; Tokmakov et al., 2014). GTP-γ-S activates G
proteins and it can elevate IP3 mass in Xenopus eggs to less than
half that noted by insemination, and does not induce gravitational
rotation (measure of cortical granule exocytosis) or pseudo-
cleavage (B. Stith, unpublished results).
The elevated [Ca2þ]i opens chloride channels and a chloride
efﬂux produces a membrane depolarization that may be a fast block
to polyspermy in Xenopus fertilization (Glahn and Nuccitelli, 2003)
(although this may be an artifact) (Dale, 2014). In fertilization
without inhibitors, sperm induce a local [Ca2þ]i release at the sperm
binding site and this is followed by a [Ca2þ]i wave (Bates et al., 2014).
Addition of PA to eggs, but not oocytes, can induce both a local
[Ca2þ]i increase and small wave (C. Fees, J. Stafford, and B. J. Stith,
unpublished results). DAG derived from PI45P2 would activate PKC,
and there is a wave of PKC activation and elevated [Ca2þ]i to induce
fertilization events such as resumption of endocytosis, cortical
granule exocytosis, changes in cortical microﬁlaments and microvilli,
cortical contraction, chromosome decondensation, nuclear envelope
and Golgi reformation, and cleavage furrow formation (but not
elevation of pH) (Bement and Capco, 1989; Capco et al., 1992;
Gallicano et al., 1997; Larabell et al., 2004). Elevated [Ca2þ]i would
also disperse and deactivate IP3 receptors and increase IP3 metabo-
lism to turn off the Ca2þ signal (see later discussion) and produce a
single peak of [Ca2þ]i (as opposed to multiple [Ca2þ]i oscillations
found in other species) (Nader et al., 2013).
Levels of PLC activation in development: IP3 mass changes
We have recorded three different levels of PLC activation du-
ring progesterone induced maturation of the Xenopus oocyte to the
fertilizable egg, fertilization, and ﬁrst cleavage (Fig. 2) (Table 1). As
discussed below, a comparison of the increases of IP3 (Stith et al.,
1992a, 1994, 1993) and DAG (Stith et al., 1992b, 1991, 1997) provide
insight into lipid signaling during these crucial developmental periods.
Our summary (Table 1) highlights the relative high levels of PA and
DAG (pmol/cell) versus the lower levels of IP3 (fmol/cell).
An important model system for the induction of meiotic cell
division, Xenopus oocyte maturation to the fertilizable egg can be
induced by either progesterone or insulin (Fig. 1) (Stith and Maller,
1984). A peptide containing n and c terminal SH2 domains from
PLCγ or tyrosine kinase inhibitor tyrphostin B46 inhibited oocyte
PLC activation by progesterone (PLC activation by G proteins was
not affected; the SH2 domain from Shc, or inhibitors tyrphostin A1
or wortmannin were ineffective) (Morrison et al., 2000). After
labeling and 2-D thin layer chromatography (TLC)-electrophoretic
analysis of phosphoamino acids, we could not detect any increased
phosphotyrosine in PLCγ after either progesterone or insulin. We
then suggested that progesterone stimulates a membrane-located
Fig. 1. Early Xenopus development. Oocyte maturation: progesterone induces the oocyte nuclear envelope breakdown (producing a white spot in the animal pole),
progression to metaphase II of meiosis, and an increase IP3 receptor number and clustering in the cortex to produce the fertilizable egg. Fertilization is associated with an
increase in [Ca2þ]i that stimulates cortical granule exocytosis, gravitational rotation, the completion of meiosis, followed by mitotic division and ﬁrst cleavage.
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tyrosine kinase which would phosphorylate an intermediate
protein that would bind to SH2 domains of PLCγ to induce an
activating conformational change (also see later discussion on
lipids inducing an activating conformation change in PLCγ without
the necessity of tyrosine phosphorylation). This model also sug-
gests activation of PLCγ through intermediate protein binding and
translocating PLCγ to the membrane where substrate PI45P2 is
located (see later discussion on PA induced PLCγ translocation
during fertilization).
There are two small but signiﬁcant increases in IP3 mass soon after
progesterone addition to the Xenopus oocyte, and IP3 levels are still
higher than basal at the appearance of the mature egg’s white spot
(Table 1; Fig. 2A). An increase in IP3 mass from 29 to 52 fmol/cell
would represent an increase from 64 to 116 nM if one uses the free
volume of an oocyte (450 nl; half the total oocyte volume) (Stith
and Maller, 1984) and that IP3 is relatively unbuffered and evenly
distributed (Luzzi et al., 1998). With the IP3 mass displacement
binding assay, inaccurate higher IP3 mass can be reported due to
improper titration of IP3 extraction acid or that many microfuges are
not able to precipitate all of the receptor bound IP3 (Stith et al.,
1992a). Using a biological detector, basal [IP3] in Xenopus oocytes is
40 nM, and this level increases to 650–1800 nM after stimulation
by lysoPA (LPA; lyso refers to the lack of one of the two fatty acid
chains in the phospholipid) (Luzzi et al., 1998). The two estimates of
basal [IP3] would be equivalent if the 29 fmol of IP3 was distributed
over 700 nl (or about 2/30s of the total oocyte volume).
A subsequent, small increase in [Ca2þ]i may facilitate oocyte
maturation as IP3 injection accelerated maturation as induced by
either progesterone or insulin (Stith and Maller, 1987). However,
even prolonged [Ca2þ]i release (440 min) by higher concentra-
tions of nonmetabolizable inositol phosphate does not induce
maturation (Stith and Proctor, 1989). Elevated [Ca2þ]i is not
believed to be required for induction of meiosis (maturation)
(Whitaker, 2006), but facilitates maturation. As we note for
tyrosine kinase inhibition in fertilization, or the apparent lack of
required elevation of [Ca2þ]i during ﬁrst cleavage, [Ca2þ]i release
may be a normal part of the induction of meiosis, but is not
required due to the presence of a “backup” pathway.
Related to [Ca2þ]i, PA may also play a role in oocyte maturation.
Insulin addition to Xenopus oocytes doubled PA mass by 5 min
through at least 30min after hormone addition (Table 1) (Holland
et al., 2003), and PA addition to the oocyte induces [Ca2þ]i-dependent
events (Stith, unpublished results). As PA can activate both Src and
PLCγ in Xenopus eggs (Bates et al., 2014), and since maturation is
accelerated by microinjection of IP3 (Stith and Maller, 1987) or Src
(Spivack et al., 1984), PA may facilitate maturation. As PA is produced
from phosphatidylcholine (PC) and since progesterone activates PLC, it
is interesting to note that both insulin and progesterone rapidly
increase PC and phosphatidylinositol (PI) labeling (with no changes
in phosphatidylethanolamine, PE, or phosphatidylserine, PS) (Stith
et al., 1992a).
At fertilization, the IP3 increase is from 86 to a range of
470–555 nM and begins 1 min after insemination and lasts
through the wave of elevated [Ca2þ]i and cortical granule exocytosis
(Fig. 2A) (Stith et al., 1994, 1993). The fertilization IP3 increase is
larger than increases during oocyte maturation, ﬁrst mitosis or ﬁrst
cleavage (Table 1). Our maximal [IP3] (555 nM) is less than that
achieved in hormone stimulated oocytes (up to 1800 nM) (Luzzi
et al., 1998). However, use of the biological detector cell found
smaller increases at the sperm binding site (from undetectable to
190 nM) and during the wave (to 370 nM) (Wagner et al., 2004).
Once again, changing to 700 nl as the free volume of the egg, our
maximal [IP3] based on mass measurements decreases to a similar
range: 301–357 nM.
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Fig. 2. (A) IP3 mass increases during oocyte maturation, fertilization and ﬁrst
cleavage. The average of numerous determinations is shown for simpliﬁcation (see
original publications for error bars and statistics) (Stith et al., 1992a, 1994, 1993,
1992b). Progesterone induces oocyte maturation to the egg, fertilization is noted as
time zero, and ﬁrst cleavage occurs at 100 min after fertilization. White spot
represents appearance of the nucleus near the cell surface and this event occurs
just before nuclear envelope breakdown. (B) DAG mass increases during oocyte
maturation, fertilization and ﬁrst cleavage. As measured by the DAG kinase assay
(Stith et al., 1992b, 1997), note that the largest increase in DAG occurs during ﬁrst
cleavage, an intermediate increase occurs during fertilization (time zero) and
smaller increases occur during progesterone-induced oocyte maturation to the egg.
Table 1
Second messenger changes during three developmental periods.
PERIOD PA (pmol/cell) IP3 (fmol/cell) DAG (pmol/cell)
From-To Change From-To Change From-To Change
OOCYTE 1.3-2.3 1.0 29-52 23 46-72 26
Maturation to egg
1.3-3.6 2.3 39- 172–211 60-110 50Fertilization 211–250
First N.D. 50- 40–100 60-150þ 4100
Cleavage 90–150
N.D. is “not determined.”
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Induction of polyspermy (entry of 75 sperm) did not increase
IP3 mass over that produced after entry of one sperm (Stith et al.,
1993). That is, for the stimulation of PLC, the binding of one sperm
is as potent as the binding of many sperm. If PLC from Xenopus
sperm diffuses into the zygote, with polyspermy, Xenopus sperm
would contribute 75-fold more sperm factor PLC that should result
in higher levels of IP3 production. Since the entry of 75 sperm
did not result in levels of IP3 higher than that of the monospermic
case, these data do not support the idea that Xenopus contain a
sperm factor with PLC activity and this is in agreement with others
(Kashir et al., 2013).
The lack of a larger IP3 increase with polyspermy may reﬂect
maximal IP3 production can be achieved with one sperm. Multiple
[Ca2þ]i waves would be expected after multiple sperm entry,
annihilation of colliding [Ca2þ]i waves or refractive periods after
wave passing (Camacho and Lechleiter, 1995) may result in similar
[Ca2þ]i-stimulated IP3 production whether one or many sperm
enter the egg. One might also argue that there is insufﬁcient
substrate PI45P2 to produce higher levels of IP3 in the polyspermic
zygote. However, PI45P2 levels are at least 800 fmol per egg
(Snow et al., 1996), and the IP3 increase after the entry of one
sperm is 200 fmol (Stith et al., 1993), ignoring any unhydrolyz-
able PI45P2 pools, there would be sufﬁcient substrate to produce
higher levels of IP3 after polyspermy. Suggestive of an excess of
PI45P2 substrate, there is a larger than normal increase in IP3, to
600 fmol/zygote in the presence of Ca2þ buffers (Stith et al.,
1994). However, this increase may be due solely to decreased IP3
metabolism (see later discussion), not higher levels of production.
Finally, in addition to wave annihilation noted above, it is also
possible that the local IP3 production at 75 sperm binding sites
adds a negligible amount of IP3 as compared to that generated
during the multiple [Ca2þ]i waves. As each sperm may activate
only one or a few receptors (Tian et al., 1997), most of the of the IP3
increase probably occurs during the [Ca2þ]i wave. Our recent data
(C. Fees, J. Stafford, and B. J. Stith, unpublished results) suggest that
the sperm entry site releases 8% of the total the total [Ca2þ]i
release. Using other data (Stith et al., 1994, 1993), conservatively
estimating that we could detect a 25 fmol change in the IP3 peak
with polyspermy, the sperm entry site IP3 increase might be
100-fold smaller than that produced during the [Ca2þ]i wave.
As noted, preventing the increase in [Ca2þ]i with calcium
chelators was associated with a 2.8 fold larger increase in IP3
mass at fertilization (to a peak of 500–600 fmol/cell or maximum
of 1222 nM) along with a 2 min delay in the peak (from 5 min
to 7 min) (Stith et al., 1994). Thus, sperm do not have to elevate
[Ca2þ]i to activate PLC (Stith et al., 1994, 1997). Blocking an
increase in [Ca2þ]i with calcium buffers did not reduce PA (Bates
et al., 2014) production during fertilization so sperm activation of
PLD1b also does not require elevated [Ca2þ]i. Supporting a role for
PA in Xenopus fertilization, PLC activation by PA addition does not
require elevated [Ca2þ]i (Bates et al., 2014). Relative to sperm or PA
action, artiﬁcial elevation of [Ca2þ]i produces only a small increase
in PA, IP3, choline or DAG when compared with those at fertiliza-
tion (Bates et al., 2014; Stith et al., 1994, 1997).
To determine whether elevated [Ca2þ]i stimulates IP3 degradation
to turn off the [Ca2þ]i signal, 3H-IP3 was injected into eggs which were
then homogenized and labeled inositol phosphates were separated
with ion exchange HPLC (Inhorn et al., 1987). The 3H-IP3 half-life in
Xenopus eggs was 1min (Fig. 3), and this is equivalent to that found
in oocytes (Sims and Allbritton, 1998). If the tritiated IP3 was injected
with Ca2þ chelators (Stith et al., 1994), IP3 degradation was decreased
10-fold (half-life of 10min) (Fig. 3).
IP3 degradation in Xenopus oocytes has been examined (Sims and
Allbritton, 1998), but mature eggs vary signiﬁcantly from oocytes: the
egg lacks plasma membrane proteins like the insulin and LPA
receptors, PMCA, Orai1, the egg has more cortical ER, more active IP3
receptors, larger Ca2þ stores, and produces a stronger [Ca2þ]i wave in
response to IP3 injection (Nader et al., 2013). Our injection of 3H-IP3
replicated fertilization as it induced an artiﬁcial activation of the egg,
and ion exchange HPLC analysis demonstrated this pathway of
degradation in the activated egg: IP3-inositol 1,3,4,5-tetrakispho-
sphate (IP4)-inositol bisphosphate (IP2)-inositol 1-phosphate-
myo-inositol. Phosphorylation of IP3 to IP4 by IP3 30-kinase was very
rapid, dephosphorylation to IP2 was relatively slow, while IP2 to myo-
inositol metabolismwas very rapid. As noted, preventing the elevation
of [Ca2þ]i reduced IP3 degradation and this was largely through the
slowing of phosphorylation of IP3 to IP4.
Thus, elevated [Ca2þ]i at fertilization would stimulate IP3 30-kinase
and IP4 production. This IP3 degradative pathway in the egg is
equivalent to that previously noted in the oocyte but only with
moderate [IP3] (Sims and Allbritton, 1998). Elevation of [IP3] above
8 mM is required to stimulate a different degradative pathway: IP3
is dephosphorylated by IP3 50-phosphatase to IP2, then inositol
1-phosphate and myo-inositol. Our work ﬁnds an elevation of [IP3]
to 500 nM during fertilization, while use of BAPTA results in a
maximal elevation to 1222 nM, so there is support for fertilization
not being associated with a large stimulation of the IP3 50-phosphatase
but a Ca2þ-activated IP3 3-kinase.
The rapid production and slow degradation of IP4 suggests that
this inositol polyphosphate is maintained and may play a role in
fertilization. As IP4 can release [Ca2þ]i in Xenopus oocytes with a
potency 40 fold lower than that of IP3 (EC50 for IP3: 88 nM, IP4:
3440 nM) (Stith and Proctor, 1989), IP4 could act as an IP3 receptor
antagonist to end the [Ca2þ]i signal. Indeed, elevation of [Ca2þ]i
in Xenopus oocytes activates IP3 3-kinase to help turn off the
IP3/Ca2þ signal (Hague et al., 1999). In addition, IP4 has been found
to bind to PH domains to displace PI345P3 and, thus, it can act as
an inhibitor of PI345P3 action (Miller et al., 2008). Through this
displacement, IP4 can inhibit store-operated calcium channels
(which are already inactivated in the Xenopus egg) (Nader et al.,
2013), tyrosine kinases and Ras (latter, through activation of Ras
GAPs). Thus, we suggest that fertilization is not associated with a
large stimulation of the IP3 50-phosphatase and that Ca2þ-acti-
vated IP3 3-kinase and IP4 production would lead to inhibition of
the IP3 and possibly PI345P3 signals.
Finally, there is an intermediate IP3 mass increase of 50 fmol/cell
during ﬁrst cleavage (Table 1; Fig. 2A). Perhaps reﬂecting recent
mitotic cell division (70–90min postinsemination), there is a gradual
increase from basal IP3 to 90–150 fmol/cell (200–333 nM; 450 nl
internal free volume). If cleavage is blocked by colchicine, IP3 mass still
increases at the expected time after insemination (Fig. 4). This suggests
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that there is a molecular clock that activates PLC at the appropriate
time, however, the subsequent [Ca2þ]i increase may not be required
for cytokinesis (Noguchi and Mabuchi, 2002).
DAG changes in development
After progesterone addition to the Xenopus oocyte, DAG
increases (26 pmol/cell; molarity of lipids is considered mean-
ingless) at 30–40 min after hormone addition and this is measured
with the DAG kinase assay (Table 1) (Stith et al., 1991). This DAG
peak occurs at the time of the second IP3 increase (23 fmole/cell)
which is 1000-fold smaller than the DAG peak (Fig. 2B). Like
[IP3], DAG is also slightly elevated at white spot appearance
(nuclear envelop breakdown) in the mature egg. As discussed
below, the large DAG increase may be due to progesterone
stimulation of PLD and production of PA (Petcoff et al., 2008).
As an equivalent amount of DAG would be produced coin-
cidentally with the IP3 increase, a role for PKC in oocyte matura-
tion is supported. Addition of a DAG mimic and PKC activator,
phorbol ester TPA, induced Xenopus oocyte maturation (Stith and
Maller, 1987). This action was blocked by cholera toxin which
elevates cAMP to inhibit both progesterone and insulin-induced
oocyte maturation. Injection of PKC did not induce oocyte matura-
tion but accelerated insulin (but not progesterone) induction of
meiosis by 25% (Stith and Maller, 1987). Subsequent studies (Stith
et al., 1992b) artiﬁcially elevated DAG and reduced PKC activity
with two different inhibitors to ﬁnd that PKC is initially inhibitory
to the induction of maturation by either hormone. Perhaps
reﬂecting different PKC isoforms, at 2 h after hormone addition,
PKC activity changes to facilitating oocyte maturation. PKC acti-
vates Ras to stimulate map kinase and meiotic cell division
(maturation) and this action is inhibited by cAMP-dependent
protein kinase A (VanRenterghem et al., 1994). Activation of PKC
by phorbol ester can also induce oocyte maturation in rats and
cattle, but inhibits in mice (Madani et al., 2001).
During subsequent fertilization, there is a much larger increase in
DAG (50 pmol/cell) (Fig. 2B). Considering the increase in IP3 mass at
fertilization, there should be an equivalent (200 fmol/cell), early
increase in DAG derived from PLC action. However, due to the high
basal levels of DAG, DAG derived from PI45P2 breakdown is not
measurable with the DAG kinase assay (Stith et al., 1997). That is, the
fast IP3 peak in oocytes (Fig. 2A) is not associated with a DAG peak
(Fig. 2B); and the 5 min IP3 peak at fertilization occurs before the
10 min peak of DAG.
As this large fertilization DAG peak occurred after that of IP3, since
the increase in DAG was 250-fold that of IP3 (Stith et al., 1997) and
50 times larger than the amount of PI45P2 present (Snow et al.,
1996), we suggested that the late DAG increase does not originate
from PI45P2 hydrolysis by PLC but due to PLD activation (Stith et al.,
1997). PLD catalyzes the breakdown of PC to PA and choline, and,
typically, dephosphorylation of PA by lipin1 is the source of late large
DAG increases (Reue and Brindley, 2008). PA induces ER membrane
translocation of lipin1 and this could enhance PA metabolism to DAG
(Ren et al., 2010). As a side note, the polybasic domain in lipin1 also
functions as a nuclear localization sequence; this suggests that PA
would antagonize nuclear localization.
Furthermore, molecular species analysis of Xenopus lipids supports
this lipin1 pathway. To determine the types of fatty acids in DAG, PC or
other major lipids, mass spectrometry separate based on both fatty
acid carbon chains, and in another method, fatty acids are enzyma-
tically removed and derivitized for gas chromatography analysis. The
fatty acids found in PC in the Xenopus egg and in the DAG produced
during fertilization are similar (Petcoff et al., 2008). In addition, there
was a decrease in 18:1n9 PC and an increase in 18:1n9 DAG. In this
numerical convention of describing lipids, the ﬁrst number represents
the number of carbons, the number after the colon is the number of
double bonds, and “n9” denotes that the double bond is 9 carbons
from the methyl end of the fatty acid tail. There is further support for
activation of PLD at fertilization as coproduct choline mass doubled
(when PA increased at 1min after insemination), before DAG
increased, and was sufﬁcient to account for the DAG peak (Stith
et al., 1997). PA mass was subsequently found to increase 3-fold at
1 min after insemination and remain elevated through the [Ca2þ]i
wave (Bates et al., 2014). Two different PLD inhibitors blocked this PA
increase. The magnitude of the increase in PA at fertilization is similar
to the 2 fold increase in PA after insulin addition in Xenopus oocytes
(Table 1) (Holland et al., 2003).
Molecular species analysis of the large DAG increase at fertili-
zation also found high levels saturated and monounsaturated fatty
acids that reﬂects PC origin (Petcoff et al., 2008). These types of
DAG may not stimulate PKC as the kinase is activated by PI45P2-
derived polyunsaturated DAG (Madani et al., 2001; Wakelam,
1998). One current model is that the C2 domain of PKC binds to
PI45P2 and PS, then the C1A binds PS, then DAG elevates and binds
to both C1A and C1B to move the C1B domain from the active site
(Antal et al., 2014; Falke and Ziemba, 2014). Thus, initially, protein
domains bind to lipids to anchor the protein, then a signaling lipid
binds and induces the movement of a third domain to activate the
enzyme.
Applied to talin binding to anionic lipids, the membrane has
been modeled as short chain phospholipids ﬂoating at both sides
of a layer of organic solvent (Arcario and Tajkhorshid, 2014). These
computational studies also suggest multiple steps in membrane-
protein binding. Initially, positive amino acids located at the
protein surface bind to anionic lipids and that this reveals hidden
hydrophobic phenylalanines to provide further membrane anchor-
ing. Finally, in a third step, conformational changes induce a large
protein domain (F3 of talin) to then interact with membranes. That
is, protein domains not thought to interact with membranes
would bind membranes after conformational changes induced by
lipid binding to positively charged amino acids located at the
protein surface.
Myristoylated alanine-rich protein kinase C substrate (MARCKS)
plays a role in development (Shi et al., 1997). PKC may phosphorylate
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Fig. 4. After blocking cleavage, an IP3 mass increase still occurs at proper time.
Injection (10 nl) of colchicine (1 mg/ml) or a sham injection (“CLEAVAGE”) of
groups of 20 zygotes at 25 min after fertilization blocked cleavage. Eggs without
treatment or zygotes were homogenized relative to the time for the completion of
ﬁrst cleavage (100 min after insemination) and IP3 mass determined as noted (Stith
et al., 1993).
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the MARCKS protein to cause the protein to unbind PI45P2. This
would relieve sequestering and increase available PI45P2 to activate
PLC (Glaser et al., 1996).
The large amount of saturated/monounsaturated neutral DAG
produced at fertilization may be involved in other fertilization events:
protein binding and activation, and membrane fusion events (e.g.,
fusion of sperm acrosome–plasma membrane, sperm–egg, cortical
granule–zygote plasma membrane, vesicle–nascent nuclear envelope)
(Frohman, 2014; Stith et al., 1997).
Finally, the largest increase in DAG (100 pmol/cell) was
associated with ﬁrst mitosis through just before ﬁrst cleavage
(80–90 min), followed by a decline to basal by mid-cleavage
(100 min).
PKCα and β translocation to the plasma membrane dramatically
increases from 7 to peak at 45 min postinsemination, then there is a
dramatic decline by 60min and a further drop to basal levels at mid
cleavage (Stith et al., 1997). This is spite of the fact that PI45P2-derived
DAG would remain high over this period: as IP3 gradually increases
from 40min through ﬁrst cleavage (100 min), one would expect a
70 fmol increase in PI45P2-derived DAG. That is, the decline in
PKCα/β at the plasma membrane is associated with the decline in PC-
derived DAG. This decrease in membrane-associated PKC is consistent
with idea that PKC inhibits cleavage: phorbol ester-activated PKC is
inhibitory to both mouse and bovine cleavage (Madani et al., 2001;
Stith et al., 1997).
Lipid changes during Xenopus fertilization
In collaboration with Avanti Polar Lipids, we developed a
method for lipid analysis by HPLC with evaporative light scattering
mass detection (lipids and organic solvents absorb light at
similar wavelengths, so UV/visible spectrophotometry is not used)
(Stith et al., 2000). With this method, and molecular species or
enzymatic assays, we suggested that phospholipase A2, lipin1,
phospholipase D, autotaxin and sphingomyelinase are activated
during Xenopus fertilization (Petcoff et al., 2008). With
molecular species analysis, we detected general patterns of lipid
change through fertilization: membrane ﬂuidity may increase
during fertilization as there is an increase in lipid unsaturation
(increased double bonds in fatty acids). More speciﬁcally, nine
major phospholipids (except cardiolipin) showed a decrease of
monounsaturated fatty acids and an increase in polyunsaturated
lipids.
Supporting autotaxin activation during fertilization, there is a
large 33% decrease in 18:1n9 lysoPC (LPC) (Petcoff et al., 2008).
Autotaxin is a lysophospholipase D that can bind to cell surface
integrin and it catalyzes the hydrolysis of LPC to LPA. LPA binds to
Edg and nonEdg receptors at the cell surface to stimulate PLCβ and
other pathways (Massé et al., 2010). However, while present in the
oocyte, LPA receptors are lost during oocyte maturation to the
Xenopus egg but LPA may have an intracellular role.
Conversely, one of the largest lipid changes at fertilization was a
2.4 fold increase in 22:6n3 (docosahexaenoic acid, or DHA) LPC and
this may reﬂect phospholipase A2 (PLA2) activation. PLA2 catalyzes
the breakdown of certain species of PC to LPC and a free fatty acid such
as arachidonic acid (Petcoff et al., 2008). Supporting a role in
fertilization, PLA2 inhibitors did not block the calcium increase in
sea urchin fertilization, but did inhibit fertilization envelope formation
(an event dependent upon the membrane fusion event of cortical
granule exocytosis) (Ajmat et al., 2013). LPC can induce membrane
fusion of the sperm plasma membrane and acrosomal membrane
(Liguori et al., 2004) as well as human sperm and hamster egg fusion
(Riffo and PArraga, 1997). Anti-PLA2 antibodies blocked the interspe-
cies fusion. LPC is believed to act by concentrating in the outer turn (or
leaﬂet) of the phospholipid bilayer during membrane bending to
produce the hemifusion state (when two membranes are partially
fused with a membrane-lined channel between them, PA would
stabilize membrane curvature by concentrating in the inside of the
membrane bend in the cytoplasmic leaﬂet; see later discussion).
Perhaps related to a role as a fusogen, Xenopus LPC was very unusual
as it was 4 times more saturated than all other major classes of
lipids examined except sphingomyelin (SM), and consisted of shorter
fatty acid chains (C16, C18: fatty acid chains 16 or 18 carbons long). As
Alzheimer’s disease may involve abnormal exocytosis, it is interesting
that blood LPC (18:2) decreases during development of the disease
(levels of PC and PI also decrease) (Mapstone et al., 2014). The other
typical product of PLA2 action, arachidonic acid, inhibits IP3 receptors
in Bufo arenarum (Ajmat et al., 2013). Surprisingly, during fertilization,
there was no detectable decrease in 20:4n6 arachidonate species of
cardiolipin, LPC, PC, combined PS/PI, or SM (arachidonate PE actually
increased) (Petcoff et al., 2008).
Plasmalogens may act as antioxidants, elevate membrane
ﬂuidity or play a role in membrane fusion (Petcoff et al., 2008).
Plasmalogens contain an unsaturated ether linkage (COCH¼CH)
that replaces the fatty acid located at the ﬁrst carbon of the
glycerol backbone of phospholipids. As is typical, PE and PC are the
only phospholipids in the Xenopus egg with detectable plasmalo-
gens and there was no change in plasmalogen level during
fertilization.
Perhaps relating to sperm function and membrane fusion, Xenopus
sperm are unusual in that these cells have very high levels of
plasmalogens dm16:0 and dm18:12n9 in DAG (these lipids were not
detected in the egg). Comparing sperm with eggs based on mole
percentages of lipids, sperm have 3-fold higher amounts of SM and
40% higher levels of PE, but only 25% of the PC found in eggs (similar
amounts of PI) (Petcoff et al., 2008). In addition to Xenopus sperm,
boar, bull, and ram sperm all have very high levels of SM (12–20mol
%) which may be associated with a higher level of rafts per cell,
decreased sperm membrane ﬂuidity or higher levels of precursor for
ceramide production (see below).
Consistent with sphingomyelinase activation at fertilization,
there was an equivalent decrease in 18:1n9 SM and increase in
ceramide at 3 min after insemination (Petcoff et al., 2008).
Reminiscent of LPC, and consistent with its stabilizing role for
rafts, Xenopus egg SM had the highest level of saturation,
and a 4-fold lower percentage of polyunsaturated fatty
acids as compared with other major phospholipids (Petcoff et al.,
2008). We have shown that SM is concentrated 3–4 fold in
Xenopus rafts (Luria et al., 2002). In spite of an overall decrease
in SM, raft formation or stability may increase during Xenopus
fertilization as there was an increase in saturated fatty acids and a
decrease in monounsaturated fatty acids in SM (Petcoff et al.,
2008).
As an increase in sphingolipid ceramide facilitates exocytosis of
the acrosome in sperm (Murase et al., 2004), ceramide may play a
role in cortical granule exocytosis after fertilization. Similarly,
as Src is activated and then released from rafts after fertilization
(see later discussion) (Bates et al., 2014), it is interesting that
ceramide activates Src (Cinq-Frais et al., 2013) and causes loss of
Src from membrane rafts (Kajiwara et al., 2014). Ceramide can also
cluster rafts (Lang, 2013) that could enhance sperm–egg binding
and fusion. The sphingolipid can also activate Xenopus IP3 recep-
tors to release [Ca2þ]i (Kobrinsky et al., 1999). As ceramide can
activate PKC, ceramide may play a role in resumption of meiosis
after fertilization, and could activate [Ca2þ]i release through
metabolism to sphingosine 1-phosphate or through activation of
Gq and PLCβ (Petcoff et al., 2008).
Although subjects overlap, there is an attempt to organize the
subsequent part of this review based on the chronological order of
Xenopus fertilization events: ﬁrst, activation of PLD1b, then PA in
membrane fusion, membrane rafts, and PA activation of Src and
PLC (Fig. 5).
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PLD1b activation and PA production during Xenopus fertilization
In addition to an early increase in PA and choline mass at
Xenopus fertilization (Table 1), other evidence for PA involvement
is that PLD inhibitors 5-ﬂuoro-2-indolyl des-chlorohalopemide
(FIPI) or 1-butanol (but not 2-butanol) inhibited PA production,
activation of Src and PLC, 87% of [Ca2þ]i release, and delayed
(12 min) gravitational rotation (a measure of cortical granule
exocytosis) and ﬁrst cleavage (Fig. 5) (Bates et al., 2014). Further-
more, we ﬁnd that Xenopus Src (but not PLCγ) binds more strongly
to PA than 14 other lipids. Similar to sperm, addition of synt-
hetic PA activates Src and PLCγ, doubles the amount of PLCγ in
detergent resistant membranes (DRM, a measure of membrane
microdomains, or rafts), induces a local release of [Ca2þ]i and a
subsequent wave. PA did not act nonspeciﬁcally in that the release
of [Ca2þ]i by PA was fully inhibited by an IP3 receptor blocker, but
not by removal of extracellular Ca2þ . Also, similar to sperm,
exogenous PA activation of Src required intact rafts, and activation
of PLC by PA occurred in the absence of elevated [Ca2þ]i. Similar to
insemination, PA addition to eggs increases IP3 mass to levels
twice that achieved by calcium ionophore (Bates et al., 2014). PA
could be produced by agonist activation of DAG kinase or other
pathways but this is not likely as the use of either of the two PLD
inhibitors fully blocked the PA increase at fertilization.
In subsequent studies, PA addition to a Xenopus plasma
membrane-cortex preparation induces a Ca2þ release that is fully
inhibited by a PLC inhibitor (U73122) and partially reduced by
5 different tyrosine kinase inhibitors (C. Fees, J. Stafford, and
B. J. Stith, unpublished results).
The ability of PA to speciﬁcally bind and activate other proteins
may play a role in fertilization. There are 30 known PA binding
proteins, including: Raf-1, mTOR, lipin1, PI45P2 regulator Nir2, and
Rac1 exchange factor DOCK2 (Jang et al., 2012; Kim et al., 2013; Liu
et al., 2013). To complicate further, the fatty acid chain length and
the presence of double bonds in PA can alter protein binding (Guo
et al., 2011). PA has been found to be involved in changes in
microﬁlaments, protein trafﬁcking, and in both exocytosis and
endocytosis (Liu et al., 2013; Su and Frohman, 2011). More
speciﬁcally, PA binding to microﬁlament or microtubule binding
proteins (capping protein, MAP65-1, respectively) can induce
cytoskeletal reorganization (Pleskot et al., 2013). Furthermore,
and perhaps related to a pH increase at fertilization (Webb and
Nuccitelli, 1981), PA is believed to be a pH sensor as it binds
proteins in a strongly pH-dependent manner (Young et al., 2010).
PLD and PA are associated with membrane fusion
In terms of a role of PA in sperm–egg fusion, Bearer and Friend
(1982) have found that anionic lipid is concentrated just before
sperm–egg fusion in the fusogenic area of the surface of guinea pig
sperm. With TLC, they identiﬁed PA as the anionic lipid. The
authors suggest that production of PA would occur at the inner
leaﬂet of the plasma membrane but then a ﬂipase would be
activated so that PA would be rapidly switched to the outer leaﬂet
where it was detected (see later discussion on PA ﬂipping due to a
dephosphorylation/phosphorylation mechanism).
Thus, sperm binding proteins located in the Xenopus egg’s
vitelline envelope may localize sperm (gp69/64) (Tian et al., 1999)
but sperm lipids such as PA or DAG may facilitate sperm–egg
fusion. As we have found high levels of PA mass in Xenopus sperm
due to an increase during the acrosome reaction (AR) (and 1-
butanol inhibits the PA increase; B. Stith, unpublished results),
perhaps PA acts as a fusogen and then moves from the sperm to
the zygote to release [Ca2þ]i during fertilization (see later
discussion).
In two related notes, PLD is also required during spermatogen-
esis; knocking out a form of PLD found in mitochondria leads to
meiotic arrest (Peng and Frohman, 2012). Xenopus sperm do not
undergo capacitation, but work by H. Brietibart (Bar-Ilan Univer-
sity, Israel) (Breitbart et al., 2005; Cohen et al., 2004; Itach et al.,
2012) ﬁnds that PA is elevated during mammalian sperm capacita-
tion and PA addition induces microﬁlament polymerization, capa-
citation and hyperactivated motility to elevate the rate of in vitro
fertilization. PLD is involved in PA production as 1-butanol inhibits
both actin polymerization and capacitation (2-butanol does not).
As a control, 1-butanol does not inhibit PA induced microﬁlament
polymerization or hyperactivated motility.
Bovine or human sperm fuse with artiﬁcial liposomes only in
the equatorial segment of the sperm and only when anionic lipids
were included in the liposomes (PC inhibited fusion) (Arts et al.,
1993). In addition, the sperm fused only after the AR, when PA
levels increase. The authors conclude that the sperm equatorial
segment “is the primary domain of spermatozoa membranes that
harbours the fusogenic capacity of sperm.” In Xenopus fertiliza-
tion, sperm are attracted to the egg by release of allurin which
binds at the equatorial segment of sperm (Burnett et al., 2014).
PA may also be involved in the fusion of sperm and the acrosome
membranes during the AR. PLD1 (not PLD2) is localized in the outer
acrosome membrane “suggesting its possible involvement in the AR”
(Garbi et al., 2000). The authors also suggest that acrosomal PLD1 is
involved in PKCα activation and that PA is “a fusogenic compound that
may stimulate the fusion between the outer acrosomal and the plasma
membrane leading to acrosomal exocytosis.”
If PA plays a role in membrane fusion, then sperm PA might
increase just as the sperm reaches the egg as the AR is required for
subsequent sperm–egg fusion. This prediction appears true: PA
elevates during the AR of sperm from human (Bennet et al., 1987),
ram (3-fold) (Roldan and Harrison, 1989), sea urchin (Domino
Fig. 5. A model for Xenopus Fertilization. The model notes three pathways to
[Ca2þ]i release: through Src and PLCγ (35% of [Ca2þ]i release), phosphatidic acid
(PA) action on PLC (52%), and an unknown pathway (13%). The model is based on
the action of inhibitors (“T” symbol, versus activation denoted by an arrow), lipid
and enzyme analysis (Bates et al., 2014; Petcoff et al., 2008; Stith et al., 1997)
(C. Fees, J. Stafford, and B. J. Stith, unpublished results). Sperm activate PLD1b at
1 min after insemination and elevated PA may have multiple roles in fertilization:
(1) PA binds and stimulates Src which in turn activates PLCγ leading to a rapid IP3
increase beginning at 1 min, (2) PA directly induces a slow activation of PLC to
produce a peak IP3 value at 5 min, (3) PA dephosphorylation by lipin1 is believed
to be responsible for the large, late increase in DAG at 10 min, (4) PA may play a role
in the membrane fusion events of fertilization such as sperm–egg merger or
cortical granule exocytosis, and (5) PA may activate PI4 50 kinase to double the mass
of PI45P2 during fertilization. The cause of the small (13%) release of [Ca2þ]i, that is
independent of the PLD1b pathway and PA production, is sufﬁcient to induce
fertilization with a 12 min delay (Bates et al., 2014). This other pathway could
involve a messenger from sperm (sperm PA is elevated during the acrosome
reaction), ceramide, Ca2þ , PI4P, or a G protein (Bates et al., 2014; Kline et al., 1991;
Morrison et al., 2000; Sato et al., 2003; Tokmakov et al., 2014).
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et al., 1989) and Xenopus. In a more speciﬁc example, Imai et al.
(1990) found that PA increases dramatically during the Ca2þ inﬂux
just before the AR of golden hamster sperm.
In the sea urchin AR, D.L. Garbers demonstrated that PA increased
two-fold at 30–60 s after addition of an egg jelly component or
calcium ionophore to induce exocytosis (Domino et al., 1989). There
was no change in phosphatidylethanolamine (PE), negative phospha-
tidylserine (PS) or phosphatidylinositol (PI) during the AR. In addition,
the PA increase was due to PLD activation and took place in the sperm
region of fusion with the acrosome and between egg and sperm, but
not in the tail region of sperm.
Thus, in addition to being a source for fusogenic DAG, PA itself
may play a role in membrane fusion between sperm and egg
(Bearer and Friend, 1982) or during other exocytosis events (Bearer
and Friend, 1982; Chapman, 2008; Choi et al., 2006; Domino et al.,
1989; Mendonsa and Engebrecht, 2009; Roth, 2008; Sudhof and
Rothman, 2009; van den Bogaart et al., 2012; Vitale et al., 2001;
Yang and Frohman, 2012).
1-Butanol has been used to inhibit PLD, but has been found to
inhibit exocytosis independently of PLD since the more speciﬁc
PLD inhibitor FIPI does not block exocytosis (Bates et al., 2014). As
alcohol lowers DAG levels in Xenopus oocytes (Stith et al., 1991;
Wasserman, 1992), 1-butanol may lower DAG independently of
PLD inhibition to block membrane fusion. Although use of primary
alcohols may nonspeciﬁcally inhibit exocytosis, knockdown of PLD
with siRNA also inhibits exocytosis in Mast cells (Peng and Beaven,
2005). Addition of highly puriﬁed PLD induces exocytosis and
there is a correlation between the activation of PLD, PA mass
increase and serotonin secretion (Cockcroft et al., 1994).
The role of PLD1b isoform in Xenopus fertilization and exocytosis
Western blotting and RT-PCR suggested that phospholipase D1b is
the only isoform present in the Xenopus egg (AY233395) (Bates et al.,
2014). Subsequently, the NIH Xenopus initiative reported a full length
PLD1b sequence from stage 10 Xenopus embryos (BC077188).
Although PLD2 has been reported in lower vertebrates including
Zebraﬁsh (XP_694649) and in Xenopus tropicalis (NP_001135641), no
PLD1a or PLD2 message has been reported for Xenopus laevis.
Furthermore, two ESTs have been obtained that contain Xenopus
PLD1b sequence (BG019632, BG364163) but ESTs from other PLD
forms have not been found.
PLD1b and PLD2 are the most commonly expressed PLD iso-
forms (Farquhar et al., 2007). There is evidence that PLD1 shows
the largest activation and has been implicated in exocytosis in
numerous cell types (Haucke and Di Paolo, 2007).
Stimulation of PLD1 during exocytosis could occur through
PI45P2, GTP-bound ARF6, Rho, Rac1, RalA, elevated [Ca2þ]i, RSK2
or classic PKC isoforms (Su and Frohman, 2011). For example, the
increase in PI45P2 during fertilization (Snow et al., 1996) could
result in this lipid binding near PLD’s second HKD or PH domain to
stimulate the lipase (Roth, 2008). This would generate a positive
feedback loop during fertilization or at the plasma membrane
during exocytosis: PLD1b would produce PA which would stimu-
late PI45P2 production and PI45P2 would bind and activate PLD1b.
As we have only found PLD1b message in Xenopus eggs, it is
interesting to note that PLD1 is believed to be the “key enzyme
responsible for PA synthesis during exocytosis (Ammar et al., 2013).
When myoblasts fuse to form myotubes, PA labeling increases (Sauro
et al., 1988) and PLD1 is believed to be the isoform involved (Bach
et al., 2010). In adrenal chromafﬁn and PC12 cells, PLD1 primarily
localizes to the plasma membrane (Vitale et al., 2001) but in mast cells
and adipocytes, PLD1b or PLD1 translocates to the plasma membrane
and rafts upon stimulation of exocytosis in many cell types including
rat basophilic-leukemia cells and human neutrophils (Du et al., 2003;
Lisboa et al., 2009; Morgan et al., 1997; Powner et al., 2002; Xu et al.,
2000). Furthermore, PA is produced at the secretory granule docking
sites in the plasma membrane (Zeniou-Meyer et al., 2007). Over-
expression of PLD1 (but not PLD2) stimulated and dominant negative
PLD1 (K898R) inhibited exocytosis in PC12 cells (Vitale et al., 2001).
ARNO antibodies or the dominant negative form of PLD1 (K898R
mutant) block PLD1 activation and exocytosis (Cockcroft et al., 2002;
Vitale et al., 2002).
In two different exocytosis events associated with the insulin
pathway, phospholipase D1 regulates fusion of secretory vesicles
containing Glut4 or insulin with the plasma membrane (Huang
et al., 2005; Hughes et al., 2004). Although inhibitor studies must
be viewed with caution, Hughes et al. (2004) reports that PLD1 is
activated during exocytosis of insulin from pancreatic β cells and
that lowering PA levels inhibited insulin secretion. Insulin induces
the exocytosis of vesicles carrying Glut4 to stimulate glucose
uptake and PLD1 was found associated with the vesicles and PLD
was stimulated by insulin (Huang et al., 2005). Lowering of PLD
activity inhibited insulin stimulation of glucose uptake, and
artiﬁcial stimulation of PLD increased glucose uptake. Lowering
PA production did not alter trafﬁcking or docking of vesicles, but
inhibited fusion of the vesicle with the plasma membrane. Rescue
of the vesicle fusion (e.g., exocytosis) in cells with lowered PA
levels was possible by addition of fusogenic lipids.
Mechanisms by which PA would facilitate membrane fusion
The large concentration of PA in sperm fusogenic regions noted
above may be due to the formation of “PA patches” due to extensive
hydrogen bonds between molecules of PA (Chasserot-Golaz et al.,
2010; Kooijman et al., 2003). These patches, along with PA’s high
charge density, would alter membrane properties that could facil-
itate membrane fusion (Blackwood et al., 1997; Burger et al., 2000).
A visualization technique shows that PA accumulates in the plasma
membrane at sites of exocytosis and docked vesicles (Zeniou-Meyer
et al., 2007). Using capacitance measurements to record membrane
fusion, PA is believed to accumulate in the plasma membrane to
affect the fusion event itself, not prior recruitment or docking of
secretory granules (Ammar et al., 2013).
Activation of PLD would alter membrane charge: the enzyme
eliminates the positive charge in PC and produces negatively
charged PA, which in turn can be degraded to neutral,
fusogenic DAG.
In addition to a direct role for PA in exocytosis, there is
evidence that PA is a source of membrane fusogen DAG. DAG
may act through alteration of membrane surface charge, Munc13-
1/18, SNAP-25 or PKC activation (Ammar et al., 2013). Mitochon-
drial PLD produces PA which is dephosphorylated by lipin1 to DAG
which then plays a direct role in mitochondrial fusion (Huang
et al., 2011; Yang and Frohman, 2012). During Xenopus fertiliza-
tion, the late, large monounsaturated 18:1n9/22:1n9 DAG increase
derives from PC. As this species of monounsatured DAG is not
believed to activate PKC, it could be involved in later fusion events
such as cortical granule exocytosis or nuclear envelope formation
(Petcoff et al., 2008).
However, other work suggests that polyunsaturated DAG derived
from PI45P2, not PC, plays a fusogenic role. One polyunsatured DAG
species, 18:0/20:4 DAG, induces fusion of vesicles to form a nuclear
envelope around sperm DNA in the egg cytoplasm (a fertilization
event) (Barona et al., 2005). Similarly, polyunsatured arachidonate
20:4n6 DAG is believed to be produced through the action of PLCγ on
PI45P2 and is involved in the fusion of membranes (Byrne et al.,
2007). Lending support for a role for 18:0/20:4 DAG derived from
PI45P2, the mole percent of these two fatty acids, polyunsaturated
20:4n6 and 18:0, is higher in the PI/PS fraction (PI can reﬂect
PI45P2 molecular species) than in PC, cardiolipin, PE, or LPC
(Petcoff et al., 2008). In addition, sperm contain high levels of
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18:0/20:4n6 DAG which could be involved in sperm–egg fusion
(Petcoff et al., 2008).
Although it is a substrate for both PLC and PI3 kinase, PI45P2
actually increases during Xenopus and murine fertilization (Halet
et al., 2002; Snow et al., 1996) and is believed to be required for
membrane fusion and exocytosis (Martin, 2012). Only about 17% of
PI45P2 is hydrolyzed to IP3 by PLC, so there is reason to believe
that PI45P2 plays other roles (Petcoff et al., 2008). Increasing
PI45P2 stimulates exocytosis, whereas reducing its levels inhibits
(Ammar et al., 2013). PI45P2 concentrates in rafts, colocalizes with
t-SNARE clusters, and may act through regulation of microﬁla-
ments and by binding proteins involved in exocytosis (synapto-
tagmin, syntaxin, CAPS, and PLD). Although there is an increase in
PI45P2 mass, the role of PI45P2 in Xenopus fertilization has not
been well studied.
PA may be responsible for the PI45P2 increase during Xenopus and
mouse fertilization. PA binds, induces translocation and activation of
the three isoforms of type I phosphatidylinositol 4-phosphate 5-kinase
which is largely responsible for elevation of PI45P2 (Bach et al., 2010;
Hastie et al., 1998; Jenkins et al., 1994; Moritz et al., 1992; Roach et al.,
2012). Related to PA stimulating PI45P2 production, PA may be
indirectly responsible for the 32% decrease in total PI (speciﬁcally, a
decline in 18:0 and 18:1n9 PI) during fertilization. This would be due
to the phosphorylation of PI to phosphatidylinositol 4-phosphate
(PI4P) and then to PI45P2 by PA-activated PI4P 5' kinase (Petcoff
et al., 2008). The saturation and presence of a single double bond in PI
decreased during fertilization and this may relate to the fact that PLC
prefers 18:0 at the sn-1 position of PI45P2. Alternatively, with low
Ca2þ , PA may bind to the EF hand domain of PLC to activate and
change the lipase's substrate speciﬁcity (producing a 15-fold increase
in the hydrolysis of PI by PLC) (Cai et al., 2013). In similar work, growth
factor elevation of PI45P2 and phosphatidylinositol 3,4,5-trisphosphate
(PI345P3) levels is dependent upon the translocation of Nir2 to the
plasma membrane, and PA production is believed to be crucial since
PA, but not PS or PI, can bind and translocate Nir2 (Kim et al., 2013).
In addition to PI4P 50 kinase activation, PA is believed to localize
or activate many other proteins involved in exocytosis (Burger
et al., 2000; Exton, 2002a,b; Holden et al., 2011; Huang et al., 2011;
Jung et al., 1999; Mendonsa and Engebrecht, 2009; Roth, 2008;
Yang and Frohman, 2012). For example, anionic lipids bind the C2
domains of synaptotagmin 1 (Syt1) to accelerate membrane fusion
and exocytosis (Chapman, 2008; Martens, 2010). Syt1 has been
identiﬁed to function in cortical granule exocytosis in sea urchins
(Leguia et al., 2006). More speciﬁcally, anionic lipids, including PA,
bind with nonspeciﬁc electrostatic interactions to Syt1 to concen-
trate the protein at the membrane (Zhang et al., 1998). PA binds
HOPS and SNARE chaperone Sec18p and is essential for the
assembly of the SNARE complex (v SNARE VAMP2/Snaptobrevin,
and t SNARES SNAP25 and Syntaxin) to facilitate membrane fusion
(Mima and Wickner, 2009). PA could not be replaced by DAG, PS,
or PI. Sporulation in yeast involves a membrane fusion event
whereby the H3 domain of t-SNARE syntaxin Ss01p binds to PA to
activate formation of the prespore membrane (PS and PI show
relatively little binding) (Mendonsa and Engebrecht, 2009). Use of
mutational analysis supports a role for PLD production of PA in
sporulation (Mendonsa and Engebrecht, 2009) but the PLD inhi-
bitor FIPI does not block this process (Su et al., 2009). Consistent
with tSNARE binding by PA, other studies ﬁnd PA concentrated in
the plasma membrane but not in the vesicle (Zeniou-Meyer et al.,
2007). In another study, the polybasic juxtamembrane domain of
syntaxin-1A binds PA, PI45P2 and PI345P3 (Ammar et al., 2013).
High resolution imaging suggests that different ratios of these
3 lipids may alter t-SNARE syntaxin conformation. Annexins
require calcium for membrane binding and play an essential role
in exocytosis. PA binds 6 different annexin family members and
lowers the calcium requirement 3–100 times over that required
for PS and PI to stimulate annexin-membrane binding (Blackwood
and Ernst, 1990). Artiﬁcial elevation of PA enhances annexin-
mediated membrane fusion (Blackwood et al., 1997).
The cone shape of PA (small head group, wide base with two
fatty acids) may lower the energy required for bending mem-
branes during membrane fusion for exocytosis (Bondeson and
Sundler, 1990; Haucke and Di Paolo, 2007; Meers et al., 1993; Roth,
2008; Summers et al., 1996; Zeniou-Meyer et al., 2007). For
example, PLD1, located at the junction of hemifused secretory
vesicle and the plasma membranes, would produce PA in the
cytoplasmic leaﬂets of the plasma membrane at the inside of the
membrane bend (Bader and Vitale, 2009; Chasserot-Golaz et al.,
2010; Su and Frohman, 2011; Vitale, 2010). PS (an anionic lipid
with a large head group with less negative charge density) would
lack this ability. Lyso lipids are an inverted cone (one fatty acid tail
at the point, and the large head group at the wide end of the cone),
and LPA or LPC are believed to be concentrated in the leaﬂet on the
outside of the membrane bend (in the channel formed between
the two membranes in the hemifused state).
PA and PI45P2 are concentrated in the same fusogenic area of
the target inner leaﬂet of the plasma membrane during exocytosis.
As PI45P2 promotes a positive curvature (Ammar et al., 2013),
PI45P2 in the inner plasma membrane leaﬂet would tend to
inhibit this membrane bending and, thus, exocytosis. However,
elevated [Ca2þ]i at the fusion site is believed to induce a change in
PI45P2 from an inverted cone shape to a cone shape to allow its
concentration at the inward bend of the cytoplasmic leaﬂet of the
plasma membrane.
It is important to contrast exocytosis with sperm–egg fusion:
during sperm–egg fusion, PA concentrates in the fusogenic area of
the extracellular leaﬂet of the sperm plasma membrane where it
would facilitate the inside bend with the hemifused egg plasma
membrane, with LPC or LPA accumulating on the cytoplasmic
leaﬂet. As noted elsewhere, PA may ﬂip from one leaﬂet to the
other in a dephosphorylation–phosphorylation mechanism.
In frog and mammalian species, the ER is dramatically remo-
deled when oocytes mature into fertilizable eggs (more speciﬁcally,
this remodeling occurs at 3 h after germinal vesicle breakdown or
white spot appearance; at entry into metaphase II) (Campanella and
Andreuccetti, 1977; Chiba et al., 1990; El-Jouni et al., 2005; Kline,
2000; Stricker, 2006; Terasaki et al., 2001). ER remodeling occurs in
both the animal and vegetal pole as reticular (or tubular-shaped)
ER found in annulate lamellae will extend into the cortex and
form large (4–15 mm) densely packed ER membrane patches
(Charbonneau and Grey, 1984; Kline, 2000; Sun et al., 2011).
As opposed to reticular or annulate lamellar ER, densely packed
cortical ER contains clusters of IP3 receptors that are more sensitive
to IP3 (Boulware and Marchant, 2005; Sun et al., 2011; Terasaki
et al., 2001). Called geometric sensitization, IP3 receptors clustered
in the cortical ER respond to lower levels of IP3. As PA is involved in
membrane bending, and is elevated during induction of maturation
(Holland et al., 2003), PA may be involved in the membrane
bending during oocyte maturation that leads to increased IP3
receptor clustering and activity.
Role of lipid rafts in fertilization
Cholesterol, SM and ceramide all stabilize membrane microdo-
mains (rafts), membrane fusion SNARE’s concentrate in detergent-
resistant membranes (DRM; a method of isolating membrane micro-
domains), and rafts are believed to be the site of membrane fusion
(Ammar et al., 2013). Production of ceramide during fertilization
(Petcoff et al., 2008) may lead to clustered rafts (Lang, 2013) and an
enlargement of raft diameter could play a role insperm‐eggsperm–egg
interaction and other fertilization events. Mouse, sea urchin and
B.J. Stith / Developmental Biology 401 (2015) 188–205196
Xenopus fertilization is inhibited by raft disruption with methyl-β-
cyclodextrin (MBCD) (Belton et al., 2001; Buschiazzo et al., 2013;
Kawano et al., 2011; Sato et al., 2002). More speciﬁcally, raft disruption
results in the dispersion of raft proteins (e.g., CD9), inhibits fertiliza-
tion, Src activation and subsequent completion of ﬁrst meiosis. MBCD
addition to mouse eggs reversibly disrupted both planar and caveolar
rafts (former marked by ﬂotillin-2, and the latter by caveolin-1) which
are thought to be sites of both mammalian sperm–egg binding and
membrane fusion (Buschiazzo et al., 2013). As noted, PA activation of
Src is also inhibited by raft disruption by MBCD (Bates et al., 2014).
While Src is localized in DRM rafts before fertilization, PLCγ
translocates to DRM after fertilization (Bates et al., 2014; Hasan
et al., 2011; Sato et al., 2003). Also, PA addition does not increase
Src in Xenopus DRM but doubles the PLCγ in DRM (Bates et al.,
2014). Thus, while lipids like PA may not act by translocating Src,
they may activate PLCγ by translocating and concentrating the
enzyme near its substrate (see later discussion on PLC activation
by PA).
Interestingly, PA (Mazie et al., 2006; Pike et al., 2005) and PLD1
are concentrated in rafts and PA may play a role in membrane
fusion or other events of fertilization through raft stabilization.
MBCD inhibits PA production during human platelet activation
(Bodin et al., 2001). Both Src and PLD are in DRM from Mast cells
and decreasing PLD by siRNA, or PA production with nonspeciﬁc
1-butanol, decreases the activation of Src and amount of Src in
DRMs (Lisboa et al., 2009). This suggests that PLD or PA affects Src
interaction with rafts or raft structure. In these Mast cells, disrup-
tion of DRM by MBCD induces changes similar to those of PLD
inhibition, and both lead to inhibition of PLCγ activation and [Ca2þ]i
release. The authors conclude that PA, produced by PLD, is “required
for optimal assembly and function” of rafts in Mast cells.
New super-resolution microscopy has changed our under-
standing of rafts (Owen et al., 2012) and the importance of cortical
microﬁlaments has emerged (Kraft, 2013). Based on current
models for myotube membrane fusion, microﬁlaments associated
with rafts may facilitate sperm–egg fusion and PA is considered a
major regulator of cytoskeletal ﬁbers (Pleskot et al., 2013).
Activation of Src by PA, PI4P, uroplakin, PLD, G proteins, ceramide or
PI 3-kinase
With our work and other supporting data noted below, we
suggest a model for Src activation through PA binding to the SH4,
unique lipid binding region (ULBR) and SH3 domains of Src (Fig. 6).
Although not discussed further, a positive feedback loop could be
present as PA would stimulate Src, and Src can stimulate PLD
(Foster et al., 2014).
High concentrations of PA, PS, PI, and PI4P (but not PC) were
strong in vitro activators of bovine Src (Sato et al., 1997). Using paper
spotted with 15 lipids (PIP Strips) and Western blotting detection,
Xenopus Src binds PA, with lower binding to PI4P and PI45P2 (vesicle
sedimentation assay results are similar) (Bates et al., 2014).
PI4P and PI45P2 can speciﬁcally bind to PH and ENTH/ANTH
domains, and further study of these lipids is needed as they may
draw Src and other proteins to rafts or alter conformation to activate
enzymes (we also noted that Xenopus PLCγ speciﬁcally bound PI3P
so this lipid may stimulate this lipase). There are two separate pools
of PI4P in the Golgi and the plasma membrane, and PI4P plays a role
in exocytosis (Ling et al., 2014). As noted earlier, t-SNARE binds to PA,
PI4P and PI45P2 (PS and PI exhibit signiﬁcantly lower binding to the
SNARE) (Mendonsa and Engebrecht, 2009).
Others have suggested PA activation of Src. Ahn et al. (2003)
cotransfected the enzyme that catalyzes PA production (PLD) and
Src into COS-7, mouse ﬁbroblasts, Fao hepatoma or A431 cells.
They demonstrated that catalytically active PLD is required for Src
activation by mitogens, and that PLD1 can activate Src in vitro. In
another study (Lisboa et al., 2009), Src activation in mast cells is
inhibited by reducing the amount of PLD1 or 2 by siRNA. Similarly,
addition of PA to human neutrophils (which lack LPA receptors)
caused a rapid activation of Src family members including Fgr,
leading to tyrosine phosphorylation and activation of PLCγ, and an
increase in [Ca2þ]i (other anionic lipids such as PS, PI45P2 or PI
were ineffective) (Sergeant et al., 2001; Siddiqui and English, 1997,
2000). Similar to our work in Xenopus (C. Fees, J. Stafford, and
B.J. Stith, unpublished results), the ability of PA to elevate neu-
trophil PLCγ activity and [Ca2þ]i was inhibited by the tyrosine
kinase inhibitor herbimycin A. Also similar to our Xenopus results
(Bates et al., 2014), prevention of elevated [Ca2þ]i did not block the
PA activation of tyrosine kinases or the increase in IP3 mass. Thus, PA
does not activate the tyrosine kinase or PLC by inducing an artiﬁcial
elevation in [Ca2þ]i. PA has also been found to activate two other
tyrosine kinase activities in HL60 granulocytes (Ohguchi et al., 1997),
tyrosine kinases Fes (feline sarcoma oncogene) (Di Fulvio et al., 2012)
and Fer (Fps/fer related) (Itoh et al., 2009).
Src activation and its ability to transform cells was found to
require anionic lipid binding to 6 positively charged arginine and
lysine residues (residues 5, 7, 9, 14–16) located at the n terminal SH4
(residues 1–20) domain of Src (Sigal et al., 1994). Restated, the
myristoylated tail of Src is believed to be insufﬁcient and anionic
lipid-Src binding is required. Although the presence of the 6 positive
residues increased Src-membrane binding 2500-fold (Sigal et al.,
1994), wewere unable to detect a PA-induced increase the amount of
Src in Xenopus rafts (Bates et al., 2014). This suggests that PA does
not activate Src through increased translocation of the kinase to
rafts but by altering raft structure or alteration of Src conformation.
In addition to the SH4 domain, Src also binds lipids through its
“unique lipid binding region” (ULBR; residues 21–85) and the SH3
Fig. 6. A model for phosphatidic acid (PA) activation of Src. The tight conﬁguration
of Src is largely stabilized by the binding of multiple prolines found in the SH2-SH1
linker region to the SH3 domain and, second, by the SH2 domain binding the
phosphorylated tyrosine 527 (red circle near c terminus). Furthermore, the active
site is blocked by the activation loop containing unphosphorylated tyrosine 416/418
but its phosphorylation relieves inhibition by moving the activation loop out of the
active site. Thus, inactive Src would be anchored to membrane rafts by a
myristoylated tail and perhaps by anionic lipid binding to the SH4 and the unique
lipid binding region (ULBR). As PA binds to Src, anionic lipids are known to bind to
the SH4, ULBR and SH3 domains, PA elevation (dark red phospholipid) would lead
to newmembrane binding to the SH3 domain, and perhaps an enhancement of SH4
and ULBR binding. Thus, PA would mimic known Src activating proteins and lead to
a “loosening” of Src conﬁguration, autophosphorylation and Src activation. We are
currently studying the effect of PA on phosphorylation of tyrosine 527, and the
binding of Src SH3 to polyproline should be quantiﬁed as a function of PA
containing vesicles.
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domain (residues 86–150) (Perez et al., 2013). More speciﬁcally,
Perez et al. (2013) used NMR to measure the binding of ULBR and
SH3 peptides to bicelles. Bicelles are a disk-shaped circular patch
of membrane bilayer with short chain lipids or detergent forming
a curved edge to the disk, and they closely replicate the membrane
(e.g., DAG kinase is active with bicelles but not micelles) (Dürr
et al., 2012). Src ULBR residues 51, 53, 55 and 60–67 and SH3
residues 98–103 and 114–116 bound anionic lipids in the bicelles.
A Src mutant with lowered lipid binding (due to altered ULBR
sequence) was produced in Xenopus oocytes and found to induce
apoptosis and other actions of not shown by introduction of wild
type Src. They suggest that changes in lipid binding by the ULBR
could alter Src’s substrate speciﬁcity. This suggests a change in Src
substrate speciﬁcity with membrane dissociation and may relate
to the 30% decline in Src located in DRMs that occurs 5 min after
fertilization (also after Src activation at 2–3 min after insemina-
tion) (Bates et al., 2014).
Src family member abl also binds membranes through its SH4
and SH3 domains, and abl translocation changes the downstream
events induced by the kinase (de Oliveira et al., 2013). The bcr–abl
hybrid associated with leukemia shows lower membrane associa-
tion than the nononcogenic form and alteration of tyrosine
kinase–membrane binding may be a future line of cancer therapy.
In another use of PIP strips, Perez et al. (2013) showed that a
peptide consisting of the SH4 and ULBR domains of Src (residues
1–85) bound to PA, PS, cardiolipin, PI4P, and PI345P3 (but not PI45P2
or PI). With a Xenopus egg homogenate and PIP strips, the full length
Src bound to also bound to PA and PI4P but we also noted PI45P2
binding (but no binding to PI345P3, PI, LPA, PI35P2, sphingosine
1-phosphate, LPA, LPC, PE, PI3P, PI5P, or PC; cardiolipin binding was
not determined) (Bates et al., 2014). The differences in lipid binding
between these two reports may be due to use of Src proteins from
different species, full length Src versus a peptide, or cellular extracts
versus puriﬁed peptides. Indeed, Perez et al. (2013) suggest that
interaction between the ULBR and SH3 domains plays a role in
speciﬁcity of lipid binding and that this interaction is lacking in the
peptide. In addition, they suggest that lipid binding may reduce SH3
binding to proline-rich domains in Src’s SH2-SH1 linker domain to
stimulate Src activity. Relating to the earlier discussion on progester-
one stimulation of tyrosine kinase activity during oocyte maturation,
the central role of SH3 in Xenopus Src regulation has been suggested
before. Progesterone stimulation of Xenopus Src is believed to be due
to Src SH3 binding to a proline-rich region of the progesterone
receptor (Boonyaratanakornkit et al., 2001).
Perez et al. (2013) also noted that phosphorylation of SH4 or
ULBR reduces Src membrane binding through reduction of the
electrostatic interaction with anionic phospholipids. Thus, phos-
phorylation of these domains may induce to the loss of Src from
DRM after Xenopus fertilization (Bates et al., 2014). In human
neurons (Pan et al., 2011), and Xenopus egg extracts (Amata et al.,
2013), Cdk5 can phosphorylate Src’s ULBR domain serine 75 to
reduce lipid binding, resulting in release of Src from the membrane
followed by its destruction (Perez et al., 2013). Patwardhan and
Resh (2010) show that membrane binding inhibits Src ubiquitina-
tion and degradation. Instead of, or in addition to, altered substrate
speciﬁcity, the phosphorylation of ser75 (or thr37 or ser17) could
release Src and result in its destruction.
In addition to phosphorylation, Perez et al. (2013) found that
Ca2þ/calmodulin binding to the ULBR reduces Src membrane
binding and may reduce the interaction between the ULBR and
SH3 domains to increase Src activity. Addition of either Ca2þ or
calmodulin alone has no effect. Thus, the increase in [Ca2þ]i
during fertilization may lead to the loss of Src from rafts. In terms
of activity, it has been reported that addition of calcium ionophore
to Xenopus eggs does not stimulate Src (Sato et al., 2002).
However, as free [Ca2þ] was raised from 68 nM to 2.5 mM, there
was a 5-fold stimulation of Xenopus oocyte tyrosine kinase
activity and PLC activity (Fig. 7) (Stith et al., 1996). Thus, while
sperm activation of PLC may not require elevated [Ca2þ]i, elevated
[Ca2þ]i may induce a positive feedback loop to stimulate PLD, Src,
or PLC (Fig. 5).
PA addition to Xenopus eggs increased the autophosphoryla-
tion of tyrosine 416 on Src (Bates et al., 2014) which results in the
movement of the surrounding activation loop from the active site
(Harrison, 2003). As PA does not increase Src in rafts, PA (or PI4P)
binding to the SH4, ULBR, and SH3 domains may mimic activating
ligands that destabilize the compact conﬁguration of Src (Fig. 6).
The inactive, compact conﬁguration of Src is maintained largely by
SH3 binding to a polyproline linker region and the SH2 domain
binding to phosphotyrosine 527 located near the c terminus
(Harrison, 2003). PA binding could increase phosphotyrosine527
availability to a phosphatase and this dephosphorylation would
disrupt intramolecular SH2 binding. Or PA binding could mimic
the action of a proline-rich activating ligand to disrupt intramo-
lecular SH3 binding. As discussed earlier for the steps in activation
of PKC (Falke and Ziemba, 2014), initially, protein domains like
Src’s SH4 and the myristoylated tail may anchor the protein, then
production of PA would bind to the ULBR and SH3 domains to
activate Src.
In contrast to PA, PLD itself could directly bind and alter Src
conformation. Surprisingly, PA and PLD bind similar proteins, and
phosphorylation at tyrosines 169 and 179 in PLD2’s PX domain
induces binding to the SH2 domains of Grb2 (Gomez-Cambronero,
Fig. 7. Elevation of [Ca2þ] stimulates Xenopus tyrosine kinase and PLC activity.
Plasma membrane-cortex preparation was obtained from Xenopus oocytes and IP3
mass and tyrosine kinase activity measured (Morrison et al., 2000) after [Ca2þ] was
buffered to various levels with BAPTA (Stith et al., 1994).
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2014). In addition, the SH3 domain of PLCγ1 binds the proline-rich
motif within the PX domain of PLD2 to enhance epidermal growth
factor receptor’s ability to stimulate PLC activity (Jang et al., 2003).
Perhaps Xenopus PLD1b’s PX domain can bind to Src’s SH2 or SH3
domain to stimulate Src activity (we are currently examining the
translocation of PLD1b to DRM).
PA and PI4P may also be involved in termination of the tyrosine
phosphorylation signal after fertilization. In another report that
uses PIP strips (Sankarshanan et al., 2007), a basic, six amino acid
segment of tyrosine phosphatase SH2-containing phosphatase 1
(SHP-1) binds most strongly to PA and PI4P, with weak binding to
PI45P2 and no binding to PI345P3 or numerous other lipids. This
6-mer anchors SHP-1 to membrane rafts and PA or PI4P may
translocate or localize this tyrosine phosphatase to reverse Src
action.
Instead of PA or PLD action, Xenopus Src may be activated by
PI345P3 produced through PI 3-kinase activation (Mammadova
et al., 2009). PI345P3 would bind to the SH2 domain of Src to
change enzyme conformation and activate the kinase. Injection of
the PI3 kinase inhibitor LY294002 lowered Src and PLCγ activation,
and prevented the translocation of PI3 kinase p85 subunit and Akt
to DRM, the elevation of [Ca2þ]i and induction of fertilization events
(wortmannin was ineffective). In the one determination reported,
an estimated ﬁnal intracellular concentration of 10 mM LY294002
was required to reduce ﬁrst cleavage (1 m had little or no effect), and
higher LY294002 concentrations were not tested because of the
toxic effect of the carrier DMSO. Conversely, vanadate bp(V), which
inhibits many tyrosine phosphatases, inhibited the dephosphoryla-
tion of PI345P3 by PTEN phosphatase, and activated 40% of eggs.
LY294002 reduces this artiﬁcial activation of the egg. Finally,
PI345P3 (but not PI45P2 or PI4P) can double in vitro Src activity.
However, PI345P3 mass or PI3 kinase in vivo activity has not been
measured, and the efﬁcacy of inhibitors were not conﬁrmed. As
there is no tyrosine phosphorylation of PI 3-kinase at fertilization
(Hasan et al., 2011), how sperm activate would activate PI 3-kinase
is a major question.
While Bates et al. (2014) did not detect any PI345P3 binding to
Xenopus Src or PLC-γ, Perez et al. (2013) reports that the n
terminus of Src (residues 1–85) strongly binds PI345P3, and that
SH3 (residues 86–150) weakly binds this lipid. However, similar to
the note above, the short peptides may not reﬂect full protein
binding as there was no detectable PI345P3 binding to a
longer Src peptide consisting of residues 1–150 (the SH4, ULBR
and SH3 domains). Binding studies with this longer 1–150 residue
peptide and the PIP strip produced a result somewhat similar to
ours using full Src sequence (Bates et al., 2014): binding for PA
appeared strongest, followed by PS and then PI4P (however,
outside of cardiolipin, there did not appear to be signiﬁcant
binding by other lipids). In another experiment, Perez et al.
(2013) found that a SH3 peptide (residues 86–150) appeared to
bind PA and PS with equal intensity, PI4P with lower afﬁnity, and
little binding to cardiolipin and PI345P3. Summarizing their work,
PA, PS and cardiolipin consistently showed the highest level of
binding to Src peptides.
In addition to PA activation of PI4P 50 kinase, PLD activation and
PA production can activate PI 3-kinase (Yamada et al., 2004). Or
the converse could be true: PLD1b could be the target of PI345P3
as the lipid binds to the PX domain of PLD1b, but not PLD2, to
activate PA production (Yoon et al., 2011). A positive feedback loop
could be involved, but one model for Src activation would be that
PI 3- kinase would raise PI345P3 to activate PLD and elevate PA,
with PA activating Src.
A monomeric G protein could be upstream of PI 3 kinase (Kline
et al., 1991; Mammadova et al., 2009). It is interesting to note that
PLD2 is a guanine nucleotide exchange factor for, and PLD1 is activated
by, small G proteins like Rac and Rho (Gomez-Cambronero, 2014).
As noted earlier, PA activates SOS1 leading to activation of G proteins
such as Ras (Jang et al., 2012; Zhao et al., 2007).
In a different mechanism of Src activation in Xenopus fertiliza-
tion, uroplakin IIIa (UPIIIa) may inhibit Src. Both proteins are
located in membrane rafts before fertilization and at fertilization,
this inhibition would be relieved through UPIIIa hydrolysis or
phosphorylation by sperm-derived proteases or kinases (Hasan
et al., 2014; Sakakibara et al., 2005). The positively charged HPX
domain of sperm matrix metalloproteinase-2 (MMP-2) may bind
to negatively charged GM1 located in egg membrane rafts and this
is believed to induce UPIIIa hydrolysis, and induce a calcium
release (Iwao et al., 2014). Instead of or addition to, GM1 binding,
one wonders about negative PA binding to MMP-2. Although this
may not be related, PA has been found to induce MMP-2 expres-
sion and exocytosis (Park et al., 2009; Williger et al., 1995).
Activated Src would then phosphorylate tyrosine 249 on the
cytoplasmic tail of UPIIIa. However, UPIIIa does not have sperm
protease or Src substrate sequences, nor is there a clear role for
UPIIIa tyrosine phosphorylation.
Addition of antibodies to the extracellular domain of UPIIIa
inhibits fertilization and addition of isolated egg rafts rescues
(Hasan et al., 2014). This rescue suggests that egg rafts are not only
required for Src activation but also by sperm (a bidirectional
signaling). However, addition of isolated egg rafts to sperm does
not inhibit fertilization.
In mammalian fertilization, there is a clearer picture of sperm–
egg recognition through sperm Izumo1 binding to egg Juno
(previously thought to be a transporter called folate receptor 4)
and that tetraspanin CD9 is not required (Bianchi et al., 2014). They
also suggest that the release of Juno in exosomes (microvesicles) is
another slow block to polyspermy. Based on these recent results,
the suggestion that UPIIIa binding to tetraspanin uroplakin Ib is
important in relief of Xenopus Src inhibition, or a lack of a role for
exosomes in Xenopus fertilization may not be accurate (Hasan
et al., 2011), and more work in this area is needed.
Another possible function for UPIIIa and tetraspanin uroplakin
Ib involves formation of membrane microdomains (up to 400 nm2
in diameter) due to strong tetraspanin to tetraspanin or tetra-
spanin to UPIIIa binding (Hasan et al., 2011; Yáñez-Mó et al.,
2009). That is, they are believed to bind each other so strongly that
they can form cholesterol-independent, detergent resistant mem-
brane rafts or microdomains that play a role in fertilization.
Finally, we suggest a pathway to Src activation based on our work
and that of others: sphingomyelinase is activated to increase ceramide
during Xenopus fertilization (Petcoff et al., 2008) and addition of H2O2
to Xenopus oocytes or eggs activates tyrosine kinase activity (Morrison
et al., 2000; Sato et al., 2001). These facts may be connected as H2O2
stimulates sphingomylinase and the resulting ceramide has been
found to activate Src (Cinq-Frais et al., 2013). We are currently
exploring whether ceramide can activate Xenopus Src or, as we
suggested elsewhere, cluster rafts.
Summarizing, Src activation in Xenopus fertilization could
involve PA, the PX domain of PLD1b, PI4P, a G protein activation
of PI 3 kinase (i.e., PI345P3), uroplakin IIIa, or ceramide. Further-
more, the loss of Src from rafts could be due to Src phosphoryla-
tion or Ca2þ/calmodulin binding leading to altered Src substrates
or Src destruction.
Can PA directly activate phospholipase C in fertilization?
As IP3 mass increased about the same time as PA or choline (1 min)
but before Src and PLCγ activation (Bates et al., 2014; Stith et al., 1997),
it is also possible that PA binds and activates PLC. Direct PA activation
of PLC is also supported by our ﬁnding that, while Src and PLCγ are
only brieﬂy (o5min postinsemination) activated in Xenopus
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fertilization, both PLC activity and PA levels remain elevated for at least
10 min (Bates et al., 2014). Src tyrosine kinase inhibitors do not
produce full inhibition of fertilization (Runft et al., 1999). Furthermore,
ﬁve different tyrosine kinase inhibitors only reduced but did not
eliminate the ability of PA to release Ca2þ (C. Fees, J. Stafford, and B.J.
Stith, unpublished results). Although PIP strips did not detect PA
binding to PLCγ (Bates et al., 2014), PA binding to other Xenopus PLC
isoforms has not been examined. Based on use of PLD and tyrosine
kinase inhibitors, we suggest that PA binding stimulates 52% of Caþ2
release, whereas Src induces about 35% (leaving an unknown pathway
to 13% of slow Ca2þ release) (Fig. 5).
There is much evidence in the literature that PA directly
activates PLC. PA (but typically not PS, PC, LPA or PE) stimulated
the in vitro activity of PLC from Xenopus oocytes (Jacob et al.,
1993), rat (Zhou et al., 1999), bacteria (Wehbi et al., 2003), rabbit
platelets (Hashizume et al., 1992), human renal cells (Knauss et al.,
1990), myocytes (Kurz et al., 1993; Liu et al., 1999), neutrophils
(Siddiqui and English, 2000), bovine parathyroid cells (McGhee
and Shoback, 1990), 3T3 cells (Murayama and Ui, 1987), snapto-
some membranes (Qian and Drewes, 1991), and human platelets
(Jackowski and Rock, 1989).
In the latter study by experienced lipid biochemists, Jackowski
and Rock (1989) showed that PA stimulated soluble or membrane
associated PLC activity 3-fold, changed PLC kinetics from rectan-
gular hyperbola to sigmoid, decreased Km but not Vm, and the
activation was independent of chelation of Ca2þ . They also suggest
that PA does not affect substrate PI45P2 availability but acts by
binding to and inducing an activating conformational change in
PLC itself. They note lower stimulation of PLC by PI45P2, and no
activation by PS, PC, PE, or PI. PA 10:0 stimulated PLC but was not
as effective as PA 16:0. Finally, they note that exogenously added
PA can ﬂip to the inner plasma membrane leaﬂet by a
dephosphorylation-phosphorylation cycle.
Using partially pure PLC from Xenopus oocytes, PA doubled PLC
activity with an EC50 of 100 mM (similar to our in vivo dose response
with Xenopus eggs) whereas PS, PC, or PE may be inhibitory (Jacob
et al., 1993). The membrane preparation could have contained Src, and
PA may have a greater effect on PLC activity as “activating,” super-
physiological concentrations of Ca2þ (25–100 mM) were used.
PA raised Vm but did not affect Km in some studies, whereas the
opposite conclusion was reached in other studies (Jackowski and
Rock, 1989; Litosch, 2000; Pawelczyk and Matecki, 1999; Zhou et al.,
1999). These differing results may be due to varying initial levels of
PLC activity, or that the activity of different PLC isoforms were
measured. In opposition to the results of Jackowski and Rock
(1989), PA induces both a 3-fold increase in Vm, changes kinetics
from sigmoid to a rectangular hyperbola, and a decrease in Km when
added to the unphosphorylated PLCγ1 from A-431 cells (Jones and
Carpenter, 1993). With tyrosine phosphorylated PLCγ1, PA induces a
10-fold decrease in Km but has no effect on Vm—this is similar to the
results of Jackowski and Rock (1989). Summarizing, as compared to
LPA, PS, PG, DAG and PC, PA acts as an allosteric activator to stimulate
both the unphosphorylated (inactive) and tyrosine phosphorylated
(active) forms of PLCγ1. As PA can also bind to a similar domain in
PKC to activate the kinase, the authors suggest that an equivalent
region of PLCγ1 (the c terminal end of the catalytic Y region found in
all PLC isoforms) may bind PA to alter lipase activity. In agreement
with Jackowski and Rock (1989), PA did not alter the binding of
unphosphorylated or tyrosine phosphorylated PLCγ1 to micelles.
These results are in disagreement with our work on whole cells
where PA increases PLCγ presence in rafts but PLC translocation may
only involve Src (Bates et al., 2014).
Similar to our mechanism for PA activation of Src, PA binding
may displace the blocking c terminal SH2 domain (cSH2) from the
PLCγ active site. In the accepted mechanism of PLCγ activation, the
n terminal SH2 domain of PLCγ would bind to a phosphorylated
tyrosine located on a growth factor receptor or raft-localized Src,
and the tyrosine kinase would phosphorylate tyrosine 783 on
PLCγ1 or 759 in PLCγ2 (Hajicek et al., 2013). Then, the cSH2
domain of PLCγ would bind to the phosphorylated tyrosine 783/
759 in an intramolecular interaction that would move the cSH2
domain from the active site to allow catalytic activity. As PA
stimulates unphosphorylated PLCγ, one would suggest that PA
binds to the Y or C2 domain of PLCγ to induce the movement of
the c terminal SH2 domain (located within the X/Y linker region)
from the active site without tyrosine 783/759 phosphorylation.
Based on Src SH3-anionic lipid binding discussed earlier, anionic
lipid binding to the PLCγ SH3 region, which is located adjacent to
tyrosine 783/759, may induce this PLCγ conformational change. In
fact, deletion of SH3 domain in PLCγ reduces membrane associa-
tion and activity (DeBell et al., 1999).
In this last section, as opposed to PA binding inducing con-
formational changes, the role of PLCγ translocation to membrane
rafts is emphasized as a method of lipase activation. As noted, PA
addition mimics sperm as it induces a translocation of PLCγ to
double the amount of lipase in DRM (Bates et al., 2014). This would
concentrate the enzyme at its substrate PI45P2 which is located in
rafts, and this would result in higher PLC activity.
One could argue that lipids are not involved in translocation as
different PLC isoforms can bind membrane proteins. However,
PLCδ is believed to be the only isoform that does not bind
membrane proteins and its translocation must use a different
mechanism. PA may activate PLCδ (and PLCβ) in fertilization as
anionic lipids have been found to increase PLCδ1 (and PLCβ1)
activity 3-fold due to translocation and increasing effective sub-
strate [PI45P2] by up to 1000-fold (Gresset et al., 2012). Based on
studies noted below, perhaps the PH domain of PLCδ1 binds PA to
translocate the delta isoform.
As noted, PLCγ translocation is believed to be due to the n
terminal SH2 domain of PLCγ binding tyrosine phosphorylated,
active Src located in rafts (Gresset et al., 2012; Hajicek et al., 2013).
However, SH2 domains of PLCγ are not required due to the
inability of microinjected SH2 domains to block Xenopus fertiliza-
tion (Runft et al., 1999) so anionic lipids may translocate PLCγ to
rafts. The SH2 peptide has been proven to successfully inhibit
fertilization in lower species that also utilize tyrosine kinase
activation of PLCγ. Although it was not shown whether the SH2
protein blocked Xenopus PLCγ tyrosine phosphorylation or PLCγ
translocation at fertilization, Runft et al. (1999) were careful to
note that results only suggest that binding to SH2 domains of PLCγ
is not required. Perhaps direct PA binding to PLCγ would alleviate
the requirement for phosphoSrc binding to the SH2 domain of
PLCγ. As noted, there is a pathway to [Ca2þ]i release that does not
require PA activation of PLC or Src (Fig. 5). Thus, the lack of efﬁcacy
of the SH2 PLCγ peptide could instead relate to the small unknown
pathway to 13% [Ca2þ]i release which is sufﬁcient for delayed
fertilization (Fig. 5).
While it has been noted that anionic lipids bind to the SH3, PX,
C2 or other domains, this review has emphasized that PH domains
bind to PA or other anionic lipids like PI45P2. PLCγ, β, δ, ε, and η all
have PH domains that bind to PI45P2, Rac, Rho, Ras and Cdc42
(Bunney and Katan, 2011), and, perhaps, to anionic lipids such as PA.
The PH domain of PLC can bind PI45P2 (Hajicek et al., 2013). As
noted, PI45P2 increases during fertilization, so PI45P2 may not
only be a substrate but could help translocate the lipase during
fertilization. However, with the use of PIP strips, Xenopus PLCγ
does not bind PI45P2 or PI345P3, but there is very strong, speciﬁc
binding of PI5P (Bates et al., 2014). As PI mass decreases during
fertilization (Petcoff et al., 2008), and PI5P may elevate and bring
PLCγ to the plasma membrane. Related to this, tyrosine kinase
pathways (insulin, T cell activation) can lead to activation of kinase
PIKfyve to phosphorylate PI to PI5P and PI5P has been found to
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activate akt and tyrosine kinases. PIP strips show that the PHD
domain can bind PI5P (Gozani et al., 2003; Viaud et al., 2014).
Mammalian sperm PLCζ is the only PLC isoform that does not have
a PH domain. However, the zeta isoform binds anionic lipids through
its polybasic X-Y linker domain (Nomikos et al., 2007), so elevated PA
may translocate this “mammalian sperm factor.” PIP strips show PLCζ
binding to PA and some polyphosphoinositides (e.g., PI45P2) but not
to PS, PE, PC, PI, and LPA (Nomikos et al., 2007). Any elevation of PA
during mammalian fertilization may help translocate and activate
PLCζ. Conversely, the unbinding of PLCζ from the plasma membrane
would inactivate the lipase. Similar to Ca2þ ’s ability to lower Src’s
afﬁnity for membranes, elevated [Ca2þ]i at fertilization might inhibit
PLCζ as Ca2þ/calmodulin binding to the anionic lipid binding domain
of PLCζ has been found to remove this lipase from membranes
(Nomikos et al., 2007).
As noted elsewhere, toxin-insensitive G proteins can activate
Xenopus PLC (Kline et al., 1991; Morrison et al., 2000). PA may
active PLC through G proteins as the lipid can activate ARF, Ral,
Rho, Rac, Cdc42, Rho and dynamin (Jang et al., 2012). More
speciﬁcally, PA binds to the PH domain of SOS1 to translocate an
exchange factor to the plasma membrane leading to Ras activation
(PI45P2 or Grb2 are not able to do so) (Zhao et al., 2007).
This discussion supporting PA activation of PLC can be com-
bined with our results showing that PA is elevated when PLC is
active during the [Ca2þ]i wave (when PLCγ and Src may be
inactivated as they lack tyrosine phosphorylation) (Bates et al.,
2014). PA may play a role in the wave: PA addition induces a
[Ca2þ]i wave, 2 different PLD inhibitors reduce the fertilization
[Ca2þ]i release by 87%, most of the [Ca2þ]i release is during the
wave (not the sperm-binding site), and that elevated [Ca2þ]i can
weakly stimulate PA production. Thus, one could suggest a new
positive feedback model for the fertilization [Ca2þ]i wave that
would not require Src or tyrosine phosphorylated PLCγ. PA would
directly activate PLC, the resulting in a [Ca2þ]i increase would
activate PLD and PA production. A different model for a positive
feedback loop would not involve [Ca2þ]i but the recorded wave of
PKC activation. More speciﬁcally, associated with the calcium
wave, there is a wave of increased cortical-associated PKC-GFP
(Larabell et al., 2004). PA would activate PLC to elevate DAG
resulting in a PKC wave, and PKC is a known activator of PLD1
(but not PLD2) (Exton, 2002a; Peng and Frohman, 2012).
As noted earlier, PA and PLD appear to bind similar proteins and
the PX domain of PLD binds the SH2 domain of Grb2. PLCγ transloca-
tion to rafts and subsequent activation has been found to involve PLD
binding: the SH3 region of PLCγ binds to the proline-rich PX domain
of PLD2 and this is required for a signiﬁcant portion of epidermal
growth factor (EGF) stimulation of PLC (PLCβ does not bind PLD) (Jang
et al., 2003). The PX domain of PLD is also the site of interaction with
dynamin and munc-18 (Lee et al., 2009). Jang et al. (2003) show that
mutation of prolines 145 and 148 in the PX domain of PLD2 inhibits
both EGF-induced PLCγ activation and calcium release, but has no
effect on tyrosine phosphorylation of PLCγ. Thus, PLD1b may help
translocate and activate PLCγ in Xenopus fertilization.
In summary, we have discussed various aspects of lipid signaling
during development involving membrane fusion, protein localization
to rafts and enzyme activation. Phospholipases C, D and A2, auto-
taxin, lipin1 and sphingomyelinase may all be activated at fertiliza-
tion to produce signaling lipids such as PA, LPC, free fatty acid, DAG,
ceramide. PLC is activated to different levels at different develop-
mental stages: small, large and medium increases in IP3 and DAG
mass occur during oocyte maturation, fertilization and ﬁrst cleavage
(respectively). Furthermore, we note that elevated [Ca2þ]i stimulates
IP3 metabolism to IP4 in Xenopus eggs, and that there is an internal
clock for PLC activation during ﬁrst cleavage. We have provided
support for raft-dependent, [Ca2þ]i-independent activation of PLD1b
by sperm and that the resulting PA could play multiple roles in
fertilization. PA and anionic lipid binding to SH3, SH4, PH, and PX
domains resulting in translocation and activation of Src and PLC has
been summarized. In addition to an early, brief activation of Src and
PLCγ, PA and elevated [Ca2þ]i may directly bind and activate
undeﬁned PLC isoforms during fertilization. In addition, PA may play
a role in the clustering and activation of IP3 receptors as the lipid is
able to generate local [Ca2þ]i release in eggs but not oocytes. We
summarize evidence for a pathway to [Ca2þ]i release that is
independent of PLD/PA/Src and weak but sufﬁcient to induce delayed
fertilization. Finally, PA may be involved in membrane fusion events,
activation of PI4 5-kinase, and is the source of the large DAG
increases. Future studies will expand our knowledge of lipid regula-
tion of proteins and the role of microdomains, lipid droplets (Prates
et al., 2014) and exosomes in fertilization (Bianchi et al., 2014). This
work may impact other ﬁelds as elevated PA has been associated
with cancer: PA may promote transformation not only through
mTOR (Foster et al., 2014; Peng and Frohman, 2012) but also through
Src or PLC activation.
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